Gonadotropin-releasing hormone-1 (GnRH-1) neurons migrate from the nasal placode to the forebrain where they control gonadal function via the hypothalamic-pituitary-gonadal axis. The birth of GnRH-1-expressing neurons is one of the first neurogenic events in the developing nasal placode. By gene expression screening on single GnRH-1 neurons, amyloid precursor binding protein-1 (FE65) was identified in migratory GnRH-1 neurons. FE65 has been shown to modulate ␤1-integrin dynamics, actin cytoskeleton, cell motility, and FE65/amyloid precursor protein signaling has been described in neuro/glial cell fate determination as well as in modulating neurogenesis. Analysis of two mouse lines, one deficient for the 97 kDa FE65 isoform and a second deficient for the 97 and 60 kDa forms of FE65, showed overlapping phenotypes. In both lines, no migratory defects of the GnRH-1 neurons were observed, but a 25% increase in GnRH-1 neuronal number during embryonic development was found. Bromodeoxyuridine birth tracing and spatiotemporal tracking of GnRH-1 cell precursors demonstrated that the lack of the N-terminal portion of FE65, which includes part of the functional nuclear translocation/ gene transcription domain of FE65 (WW domain), extends the timing of GnRH-1 neurogenesis in the developing nasal placode without affecting proliferation of GnRH-1 neuronal progenitors or cell death. The observed changes in the dynamics of GnRH-1 neurogenesis highlight a unique role for the 97 kDa isoform of FE65 and suggest that GnRH-1 cells, which have a short neurogenic window, originate from multipotent progenitors able to generate distinct cell types as GnRH-1 neurogenesis declines in response to environmental changes.
Introduction
Gonadotropin releasing hormone-1 (GnRH-1) is essential for vertebrate reproduction. Secreted by forebrain GnRH-1 neurons, GnRH-1 binds to receptors on pituitary gonadotropes to regulate reproduction via the hypothalamic-pituitary-gonadal axis. In mammals, GnRH-1 neurons are first detected in the vomeronasal organ (VNO) anlage and thereafter migrate along vomeronasal/ olfactory axons into the forebrain during prenatal development (Wray, 2002) . Alterations in normal GnRH-1 development can lead to reproductive dysfunction, e.g., Kallman patients exhibiting hypogonadotropic hypogonadism (Kallmann, 1944) .
Gene expression screenings of GnRH-1 neurons (Kramer and Wray, 2001 ) identified the amyloid precursor protein (APP) binding-protein-1 (FE65) gene. This multimodular adaptor protein is expressed in neurons in two isoforms: 97 and 60 kDa (Wang et al., 2004) . The 97 kDa FE65 contains a tryptophan, tryptophan (WW) domain, and two phospho-tyrosine binding (PTB) domains. The WW domain is necessary for FE65 nuclear translocation and mediated gene transcription (Telese et al., 2005) . The 60 kDa protein, which originates from an alternative start codon, has a truncated WW domain and cannot activate gene expression (Wang et al., 2004) . FE65 can modulate gene expression alone (Wiley et al., 2007) , as a FE65/Tip60/APP intracellular domain (AICD) transcriptional complex (Cao and Süd-hof, 2001 ) or in association with the Notch intracellular domain (NICD), (Fischer et al., 2005) . In addition, FE65 modulates APP trafficking, processing, and proteolysis (King and Scott Turner, 2004) . FE65, in association with APP, can regulate ␤1-integrin dynamics, actin cytoskeleton, and cell motility (Sabo et al., 2001 (Sabo et al., , 2003 Standen et al., 2003) . A role for FE65/APP signaling has been described in neuro/glial cell fate determination (Chen and Dong, 2009) , and increased neurogenesis has been reported in cortical neuronal progenitor cell cultures from APP Ϫ/Ϫ , TAG1 Ϫ/Ϫ (a ligand of APP), and FE65 Ϫ/Ϫ 97 kDa isoformspecific knock-out (KO) mice (Ma et al., 2008b) . To date, no corroborating in vivo observations have been reported.
FE65 is regulated during embryonic development in neural structures (Simeone et al., 1994; Kesavapany et al., 2002) . In mouse, FE65 mRNA is expressed, at approximately midgestation, in the neural tube basal plate, neural crest, acoustic ganglion, sympathetic ganglion, and nasal placode (Simeone et al., 1994) . The latter region is where GnRH-1 neurons are first detected. The GnRH-1 system in mice comprises a small number of neurons whose migration into the CNS has been well characterized. Thus, the role of FE65 in GnRH-1 neuronal development in both neurogenesis and migration was examined.
Analysis of two mouse lines, one deficient for the 97 kDa isoform that retains a truncated FE65 60 kDa protein and the other deficient for both FE65 isoforms, showed no changes in GnRH-1 neuronal migration. However, a 25% increase in total GnRH-1 cell number during embryonic development was found. Analysis of early events in development of GnRH-1 neurons indicated that neurogenesis of specific progenitor cells in the VNO anlage increased in the absence of the fully functional WW domain of FE65. These data highlight a unique role for the 97 kDa isoform in controlling GnRH-1 neurogenesis that is not redundant with the 60 kDa isoform of FE65.
Materials and Methods

Animals
FE65 mutant mouse strains. p97FE65 (C57BL/6) and p97/60FE65 (backcrossed four times into C57BL/6 background) were provided by Drs. G. M.
Martin (University of Washington, Seattle, WA) and S. Guénette, (Massachusetts General Institute for Neurodegenerative Disease, Boston, MA), respectively. p97FE65 and p97/60FE65 null and controls were generated by time-mated heterozygous crosses. Because no differences for the described phenotype have been observed between WT and heterozygous mice, heterozygous mice have been included in control groups when needed. Mice were harvested from embryonic day (E) 11.5 (plug day, E0.5) to adult. All mice were killed in accordance with the National Institutes of Health (NIH)/National Institute of Neurological Stroke and Disorders (NINDS) guidelines.
Bromodeoxyuridine treatment. Time-mated pregnant females (NIH Swiss or P97FE65) were injected intraperitoneally with bromodeoxyuridine (BrdU) (Sigma-Aldrich) at 50 g/kg in saline solution (0.9% NaCl 2 in sterile H 2 O). Single or multiple injections were performed depending on the experimental plan, and embryos were harvested between 24 and 96 h after injection. All procedures were approved by the NINDS Animal Care and Use Committee and performed in accordance with NIH guidelines.
Tissues. Whole embryos (E12.5-E14.5), dissected head [E17.5 and postnatal day 0 (P0)], or brain (adult) were immediately frozen on dry ice and stored at Ϫ80°C until sectioning. E11.5 mice were fixed in 4% formaldehyde for 3 h, washed in PBS, cryoprotected in 30% sucrose/PBS overnight, transferred to Tissue-Tek OCT compound (Sakura Finetek), frozen, and stored at Ϫ80°C until sectioning (see below).
PCR on single GnRH-1 cells from nasal explants
Nasal explants were cultured as described previously (Fueshko and Wray, 1994) . Briefly, embryos were obtained from timed-pregnant NIH Swiss mice in accordance with NIH guidelines. Bilateral olfactory pits were dissected, trimmed, and adhered onto coverslips by a plasma (Cocalico Biologicals)/thrombin (Sigma-Aldrich) clot. Explants were maintained in defined serum-free medium (SFM) (Fueshko and Wray, 1994) at 37°C with 5% CO 2 . On culture day 3, fresh media containing fluorodeoxyuridine (8 ϫ 10 Ϫ5 M; Sigma) was given to inhibit proliferation of dividing olfactory neurons and non-neuronal explant tissue. On culture day 6, the media was changed with fresh SFM. cDNA was extracted and PCR amplified at 3.5, 4.5, 6, and 7 d in vitro (DIV) (five single GnRH-1 cells/DIV) (Kramer and Wray, 2000; Sharifi et al., 2002) . All cDNA pools were initially screened by PCR for GnRH-1 (to ensure the correct cell phenotype) and ␤-tubulin and L19, two housekeeping genes (microtubule and ribosomal, respectively; see primer sequences in the study by Giacobini et al., 2004) . Only GnRH-1 cells positive for all three transcripts were used here. FE65 primers were designed from published GenBank sequences and screened using BLAST (basic local alignment search tool) to ensure specificity of binding. The FE65 primers used were as follows: forward primer, 5Ј-GCTCCCAGACCTCCACCTCC-3Ј; reverse primer, 5Ј-GGAAGAACATCCACAGCCCC-3Ј. These primers were pretested on brain cDNA to determine optimal concentration and temperature conditions. For each reaction, 30.5 l of nuclease free H 2 O, 5 l of 10ϫ PCR GOLD buffer (Applied Biosystems), 4 l of 25 mM MgCl 2 , 5 l of dNTP Figure 1 . GnRH-1 neurons express FE65. A, Schematic of a nasal explant (NE, nasal pit epithelium; NMC, nasal midline cartilage; M, surrounding mesenchyme). GnRH-1 neurons (black dots) emerge from nasal pit epithelium and follow olfactory axons to the midline and then into the periphery of the explant. B, Photomicrograph of nasal explant immunocytochemically stained for GnRH-1 (brown) and peripherin (blue). C, Representative gel of FE65 PCR products from single GnRH-1 cell cDNAs at 3.5-7 DIV. FE65 transcript was detected in all cells (M, marker; B, brain; W, water) . D, GnRH-1 cells (blue) express FE65 (brown) in nasal explants. E, Schematic of an E12.5 parasagittal section showing location of GnRH-1 neurons (black dots) extending from the VNO to the nasal forebrain junction (NFJ) (OE, olfactory epithelium; FB, forebrain; T, tongue; M, mandible; NA, nasal area). F, G, Photomicrograph of GnRH-1 neurons (brown) migrating out of the VNO along peripherin (blue)-positive axon bundles in vivo (E12.5). H, A band of expected size for FE65 transcript (226 bp) was detected in total RNA isolated from E11.5-E17.5 noses (E, 17.5 whole embryo; B, brain; W, water). I, Western blot analysis of nasal areas at E12.5, E14.5, E17.5, and P1 revealed a 97 kDa specific band (arrow), with a strong band detected at E12.5, which thereafter decreased as a function of age (OB, olfactory bulb; lower band degradation product). J, K, FE65 (brown) is expressed in cells in the VNO (J ) and in cells (arrowheads) emerging from the VNO. L, GnRH-1 neurons (green) express FE65 (red) while migrating in the nasal area. Scale bars: B, F, J, 100 m; insets in B, D, 25 m; G, K, L, 25 m. mix (2.5 mM), and 0.5 l of Amplitaq Gold (Applied Biosystems) were mixed. Primers (125 nM) and template cDNA (1 l) were added to the mixture. The PCR program was as follows: 10 min at 94°C pre-run, 30 s at 94°C, 30 s at 64°C, 2 min at 72°C for 40 cycles, and 10 min at 72°C post-run. Amplified products were run on a 1.5% agarose gel.
Reverse transcription-PCR of nasal region
Total RNA extraction of nasal tissue from E11.5-E17.5 mice, whole embryo at E17.5, and adult brain samples was conducted using RNA following the protocol of the manufacturer. Briefly, tissue was homogenized (1 ml of RNA STAT-60 per 50 -100 mg of tissue), chloroform was added (0.2 ml/ml homogenate), and the mixture was spun. Isopropanol (0.5 ml) was added to the aqueous layer to precipitate RNA. RNA pellet was washed (75% ethanol), air dried, and resuspended in DEPC-treated water. One nanogram of each sample was used for reverse transcription (RT)-PCR reaction using the Access-Quick RT-PCR System (Promega). The reaction was performed at 48°C for 45 min, 94°C for 2 min, 40 cycles of 94°C for 30 s, 64°C for 1 min, 68°C for 2 min, and final extension at 68°C for 7 min. One round of PCR was conducted, and the PCR products were resolved on a 1.5% agarose gel by electrophoresis.
FE65 RT-PCR of laser capture microdissected tissue
Laser microdissection. Fresh frozen embryos at E11.8 were cryosectioned (12 m) and placed alternately on standard subbed glass slides or on 0.17 mm, 1.35 m naphthalate polyethylene slides (PEN; P.A.L.M. Microcur Technologies). Laser capture microdissection (LCM) was performed at 20ϫ magnification using a PALM LCM system (Carl Zeiss).
RT-PCR. The LCM tissues were popped into a sterile Microfuge cap containing 10 l of 0.1% Triton X-100 and DEPC H 2 O. After centrifugation, RNase inhibitor (RNaseOut; Invitrogen) was added. First strand was prepared as described previously (Giacobini et al., 2004) . Transcript analysis was performed by PCR on two samples per genotype (40 cycles) using the following sequences: FE65 exon 2 forward primer, 5Ј-CTCGGCCCACAAT-GCAGCCA-3Ј; FE65 exon 2 reverse primer, 5Ј-CCGGGGAGCCATAG-GAGGGG-3Ј; FE65 exon 7 forward primer, 5Ј-CCCCAGGACGCAG-CAGTGTG-3Ј; FE65 exon 10 reverse primer, 5Ј-GCGAGCATTGCGC-CGTTCAG-3Ј; FE65 exon 13 forward primer, 5Ј-GCTCCCAGACCTC-CACCTCC-3Ј; FE65 exon 14 reverse primer, 5Ј-GGAAGAACATC-CACAGCCCC-3Ј; glyceraldehyde-3-phosphate dehydrogenase (GAPDH) forward primer, 5Ј GTCATCATCTCCGCCCCTTC-3Ј; GAPDH reverse primer, 5Ј-ATCCACGACGACGGACACATTGG-3Ј. PCR products were resolved on a 1.5% agarose gel by electrophoresis.
Western blot
Nasal tissue was removed from E12.5, E14.5, E17.5, and P1 mice and olfactory bulbs from adult brain, homogenized in SDS buffer (2% in H 2 O) supplemented with protease inhibitor cocktail tablets (Roche Molecular Biochemicals, Indianapolis, IN), mixed, and heated at 95°C for 5 min. The lysate was then centrifuged, and total protein concentration of In FE65 mutants (B, D) , larger groups of GnRH-1 cells were detected in the NA and FBJ. E, Brain region. Similar number of GnRH-1 cells migrated into the brain per day. No significant differences were detected in the number of GnRH-1 neurons accessing the forebrain between genotypes at any examined developmental stage. F, Nasal area. After E14.5, the number of GnRH-1 neurons in the p97FE65 KO was significantly higher than in control animals. Between E13.5 and E15.5, the number of GnRH-1 cells in the nasal area decreased less in KOs compared with controls, despite comparable number of cells that migrated in the brain area (E). G, Total number of GnRH-1 cells increased in FE65 mutants. Total GnRH-1 cell number was determined in serial sections of control and FE65 KO animals at the indicated developmental stages. Between E14.5 and E17.5, the number of GnRH-1 cells was significantly higher in KOs compared with control animals. In E-G, number in bars ϭ animals, mean values Ϯ SE; *p Ͻ 0.05, t test. Scale bars: A (for A, B), C (for C, D), 100 m. the supernatants was determined using BCA protein assay kit (Pierce) and analyzed using a spectrophotometer (SmartSpec 3000; Bio-Rad). Conditions for SDS-PAGE and Western blotting were as described previously (Kramer and Wray, 2000) . The membrane was blocked with 10% dried milk diluted in TTBS (20 mM Tris-HCl, 150 mM NaCl, and 0.2% Tween 20) at pH 7.4 for 1 h. The polyclonal antibody against FE65 (kindly donated by Dr. N. Zambrano, University Federico II, Naples, Italy) was added and incubated at 4°C overnight. The membrane was washed in TTBS, and an HRP-goat anti-rabbit secondary antibody (1: 5000; Bio-Rad) was added. After incubation (2 h) and washing at room temperature, the complex was reacted using the Western blot chemiluminescence reagent plus kit (PerkinElmer Life and Analytical Sciences, DuPont) according to the directions by the manufacturer and exposed to film.
Immunocytochemistry
Fresh-frozen samples were cut in serial sections (16 m) using a Leica CM 3050S cryostat and maintained at Ϫ80°C until processing. Three serial series were generated for E12.5 and E13.5, four series for E14.5 embryos, five series for E15.5 embryos, and six series for E17.5 and postnatal animals. Fixed embryos were cut at 14 m into two or three serial series, depending on the experimental needs.
Primary antibodies. GnRH-1 [SW-1; 1:3000 (Wray et al., 1988) Chromogen-based reactions. Tissue was stained as described previously (Fueshko and Wray, 1994) . Briefly, after fixation (4% formaldehyde), sections were washed in PBS, blocked in 10% normal horse or goat serum depending on experimental needs/0.3% Triton X-100, and then washed in PBS. Sections were incubated in primary antibody (4°C, overnight). The next day, tissues were washed (PBS) and incubated for 1 h with 1:500 biotinylated secondary antibody in PBS and 0.3% Triton X-100. The following secondary antibodies were used: goat anti-rabbit biotinylated (Vector Laboratories), goat anti-mouse biotinylated (Millipore Bioscience Research Reagents), and goat anti-rat Sp-biotinylated (Jackson ImmunoResearch). After PBS washes, the tissue was processed using a standard avidin-biotin-horseradish peroxidase/3Ј,3-diaminobenzidine (DAB) protocol. For most double labeling, DAB (a brown product) was used as the first chromogen and SG substrate (a blue product; Vector Laboratories). For GnRH-1/ BrdU immunostaining, sections were first immunolabeled for GnRH-1 as described above, and after visualization with DAB, sections were fixed in 4% formaldehyde (15 min), incubated in 2N HCl/PBS (35 min at 37°C) (Forni et al., 2006) , washed in PBS, and then incubated with anti-BrdU rat antibody (2 h at room temperature). After biotinylated secondary antibody incubation, followed by avidin-biotin-horseradish peroxidase incubation, nickel-intensified DAB (black) was used as the second chromogen. Stained sections were counterstained with methyl green, air dried, and coverslipped with Permount (Thermo Fisher Scientific). For Ki67 immunostaining, sections underwent microwave antigen retrieval treatment in citrate buffer (Forni et al., 2006) . Pictures were taken on an Eclipse E800 microscope (Nikon) with a Retiga SRV camera (QImaging) using QCapture software (QImaging).
Immunofluorescence labeling. Sections were processed as described above. Depending on the primary antibody used, sections were incubated for 45 min with the following secondary antibodies: goat anti-rabbit 488 (1:1000), goat anti-rabbit 555 (1:1000), donkey anti-rabbit 488 (1:1000), donkey antigoat 568 (1:1000), goat anti-mouse 488 (1:1000), goat anti-mouse 555 (1: 1000), and goat anti-rat cyanine 3 (1:1000) (all from Invitrogen). Sections were counterstained with 4Ј,6Ј-diamidino-2-phenylindole (1:3000; SigmaFigure 3. p97FE65 mice express alternative isoform of FE65 in the developing pit. A, Schematic illustrating products used to differentiate between p97 and p60 isoforms of FE65. The p97 isoform of FE65 originates from a start codon in exon 2. The truncated p60FE65 form originates from an alternative start codon in exon 3. Different regions of FE65 analyzed by RT-PCR are represented in red (EX-2, EX7-10, EX13-14) together with the expected length. B, C, Phase-contrast picture of VNO (indicated with red dashed line) before (B) and after (C) laser capture microdissection. D, E, PCR products obtained from cDNA of laser captured cortex and VNO from WT (D) and p97FE65 embryos. In the mutant material, no amplification of exon 2 was found, but bands were detected for exons 7-10 and 13-14, indicating expression of the alternative forms of FE65. F-H, Double immunofluorescence for FE65 (red) and pan-neuronal marker Hu (green) in WT (F ), p97FE65 KO (G), and p97/60FE65 KO (H ) E14.5 sections through the VNO. FE65 expression was found in newly formed neurons (arrowheads) in WT (F ) and p97FE65 KO (G), whereas only background staining was observed in p97/60FE65 KO (H ).
Aldrich), rinsed in deionized water, and coverslipped with Fluoro Gel (Electron Microscopy Services). Confocal pictures were taken on a spinning disk confocal system CSU10 (Yocogawa) mounted on an Eclipse TSE200 microscope (Nikon) using an EMCCD ImageM digital camera (Hamamatsu) with I-Vision software (Biovision). Nonconfocal fluorescent pictures were taken on a Nikon Eclipse E800 with a Retiga SRV camera using QCapture software. Images were further analyzed using NIH ImageJ software (Wayne Rasband, http://rsbweb.nih.gov/ij/).
Cell counts
Single GnRH-1 cells or double-labeled GnRH-1/BrdU cells. Cells were counted at 20ϫ on a bright-field microscopy after immunolabeling. Analysis of GnRH-1 neuronal distribution was performed in the (1) nasal region (VNO, axonal tracks surrounding the olfactory pits, forebrain junction) and (2) brain (all the cells that accessed the olfactory bulb and were distributed within the forebrain). Number of cells per region and total cell number were calculated for each animal as the average of the counted cells per series multiplied by the number of series cut per animal (on average, at least half of the series were stained and counted per labeling).
Other counts. Hu, BrdU, phospho-histone H3, and cleaved caspase-3-positive cell counts were performed on three serial sections per side for each VNO at E11.5. The total number of cells per animal (anlage per animal) was calculated as the average of the cells counted in the sections of the two pits multiplied by 2 (right and left pit), by the number of sections (three), and by the number of series. Counts of migratory GnRH-1 and migratory Hu cells were performed analyzing 9900 m 2 fields on four sections for right and left pit per animal. Counts were manually performed on digital images (20ϫ) using NIH ImageJ 1.42b software (Wayne Rasband, http://rsbweb.nih.gov/ ij) cell count plugin (http://rsbweb.nih.gov/ij/ plugins/cell-counter.html). Means Ϯ SEs were calculated on at least three animals per genotype. A Student's t test or ANOVA was used to assess differences among and between groups.
Results
FE65 is expressed by migrating GnRH-1 cells
GnRH-1 neurons maintained in nasal explants exhibit many characteristics displayed by GnRH-1 neurons in vivo (Wray, 2002) . In this model system, GnRH-1 neurons migrate from the nasal pit into the periphery of the explant (Fig. 1 A, B) and can be identified in situ (Kusano et al., 1995) . Identification of GnRH-1 neurons in vitro has allowed single GnRH-1 neurons to be removed from explants and cDNA pools generated and then screened for GnRH-1 (correct cell phenotype), ␤-tubulin, and L19 by PCR (Kramer and Wray, 2000; Sharifi et al., 2002) . Individual GnRH-1 cells were examined for FE65 transcript (Fig. 1C) . A band of the correct size for FE65 (226 bp; arrow) was found in all tested cells. Double-labeled immunocytochemistry on explants demonstrated coexpression of FE65 in GnRH-1 neurons (Fig. 1D) . FE65 expression was then evaluated in nasal regions at different developmental stages in vivo. Between E12.5 and E14.5, GnRH-1 cells form a continuum in the nasal region as they migrate along axonal bundles into the forebrain (Fig. 1E-G) with the majority of GnRH-1 cells in the brain by E16.5 (Wray et al., 1989b) . A specific product of the correct size for FE65 mRNA (226 bp; arrow) was found in nasal regions from E11.5 to E17.5 (Fig. 1H ). FE65 protein expression in the nasal region from E12.5 to E17.5 was confirmed by both Western blot analysis (Fig. 1I) and immunocytochemistry (Fig. 1J,K) . At E12.5, FE65 was detected in cells of the developing VNO (Fig. 1J ) and in migratory cells (Fig. 1K) . Double immunofluorescence verified FE65 expression in GnRH-1 cells crossing the nasal region (Fig.  1L) . Based on the expression of FE65 in migratory GnRH-1 cells in vitro and in vivo, we hypothesized that FE65 might play a role in the movement of GnRH-1 neurons into the brain.
GnRH-1 neuronal development in p97FE65 hypomorphic mice
To test the hypothesis that FE65 has a role in GnRH-1 neuronal migration, a line of FE65 hypomorph mice missing the 97 kDa form of FE65 (p97FE65 KO) was analyzed. This line was chosen because reports indicated that the 97 kDa protein was the main isoform expressed during neuronal development (Hu et al., 1999; Wang et al., 2004; Ma et al., 2008b) . Sections from p97FE65 KO and control littermates, at multiple stages (E12.5 to P0), were immunocytochemically stained for GnRH-1 (Fig. 2 A-D) . To determine whether changes in movement of the GnRH-1 cells occurred in the absence of p97FE65, a spatiotemporal analysis was performed with GnRH-1 cells counted as a function of location (nose vs forebrain) over embryonic development.
In both p97FE65 KO and controls, only a few GnRH-1 cells were detected in the brain at E12.5 (Fig. 2 E) . From E13.5 to E17.5, the number of GnRH-1 cells in the brain increased in both genotypes. A decrease in GnRH-1 cell number in the brain, associated with birth, was also detected in both genotypes. A simple regres- Figure 4 . p97/60FE65 KOs display a similar increase in GnRH-1 cell number and cell distribution as p97FE65 KOs. A, p97/60FE65 KO. At E14.5, no significant difference was found in the number of GnRH-1 neurons in brain, as observed in p97FE65 hypomorphs (B). However, more GnRH-1 cells were detected in p97/60FE65 KOs between the nasal area and forebrain junction (NA/FBJ) compared with controls (A), with a similar increase to that observed in p97FE65 mutants at the same age (B). n ϭ animals, mean values Ϯ SE. *p Ͻ 0.05, t test. sion plot indicated that similar changes occurred in the wild type (WT) and KO during development (r 2 ϭ 0.994), consistent with appropriate cell movement into the developing forebrain. In control mice, as expected, the number of GnRH-1 cells in nasal regions decreased as a function of age (Fig. 2 F) . In contrast, the KO showed no consistent reduction in the number of GnRH-1 cells in the nasal region between E12.5 and E14.5 (Fig. 2 F) . After E14.5, the changes detected in GnRH-1 cells, both the gain in brain areas and decrease in nasal areas, were similar in WT and KO mice. However, throughout the period examined, the number of GnRH-1 cells in nasal areas was significantly greater in KO versus WT mice ( p Ͻ 0.05). The increase found in nasal regions correlated with the age of the mice (E12.5, 16%; E13.5, 19%; E14.5, 39%; E15.5, 44%; E17.5, 104%; P0, 70%). From E14.5 to E17.5, there were Ͼ200 more GnRH-1 cells in the nasal area of KO mice compared with controls.
Increase in total number of GnRH-1 cells during embryogenesis
The number of GnRH-1-expressing cells in C57BL/6 (background of the analyzed mouse lines) undergoes a small increase between E13.5 and E14.5 (ϳ90 cells; p ϭ 0.3) (Fig. 2G) as the full complement of GnRH-1 cells express detectable levels of protein after the end of neurogenesis. As described by others (Krüger et al., 2004; Miller et al., 2009 ) from E14.5 to E17.5, a plateau in the total GnRH-1 cell number was reached (1050 Ϯ 50). In the KO mice, the total number of GnRH-1 cells detected between E12.5 and 17.5 was significantly greater than WT (two-way ANOVA, p Ͻ 0.01). At E13.5, the total number of GnRH-1 neurons was ϳ21% higher in the KO (Fig. 2G) (WT, 958 Ϯ 92; KO, 1159 Ϯ 84). From E14.5 to P0, the difference in GnRH-1 cell number between FE65 mutants and controls reached 30% (Fig. 2G ) (E14.5: WT, 1046 Ϯ 41 and KO, 1385 Ϯ 39; E15.5: WT, 1015 Ϯ 101 and KO, 1307 Ϯ 27; E17.5: WT, 1109 Ϯ 87 and KO, 1446 Ϯ 59; P0: WT, 739 Ϯ 32 and KO, 1013 Ϯ 143). In contrast to the GnRH-1 cell number in WT, the GnRH-1 cell number in KOs significantly increased between E13.5 and E14.5 (Fig. 2G) ( p ϭ 0.02). As in the controls, a plateau in GnRH-1 cell number occurred from E14.5 to E17.5. However, the total GnRH-1 cell number was higher in KOs, stabilizing around 1385 Ϯ 28. These data indicate that, between E13.5 and E14.5, while GnRH-1 cells are migrating into the brain, a higher number of GnRH-1 cells matured in the nasal regions of the KO, accounting for the increase in total GnRH-1 cell number (Fig. 2 F) .
P97FE65 mutants express alternative FE65 isoform in the developing VNO and in migratory neurons
Ablation of the second exon, which contains the start codon for p97FE65, in p97FE65 KOs can lead to compensatory expression of a shorter isoform of FE65 (Wang et al., 2004) . Characterization of this isoform revealed that it originates from an alternative start codon in the third exon of the FE65 gene and codes for a smaller FE65 protein (p60FE65) that retains a truncated WW domain but functional PTB domains (Wang et al., 2004) . To test whether compensatory expression of p60FE65 could occur at early developmental stages, RT-PCR was performed on brain and VNOs Figure 6 . GnRH-1 cells emerge from the developing vomeronasal region as Hu-positive cells and increase GnRH-1 levels while migrating toward the forebrain junction (FBJ). Immunohistochemistry for GnRH-1 (A) and RNA binding protein Hu (B, C) on sections of the developing VNO at E11.5 show few GnRH-1-expressing neurons detectable in the VNO (A, red arrowheads). In contrast, large numbers of neuronal precursors (Hu positive) were present both within the VNO (B, red arrowhead) and in the nasal region (NA) extending from the VNO toward the forebrain (FB) (C). D-H, Double immunofluorescence for GnRH-1 (green) and Hu (red). D-F, In the developing VNO at E11.5, a few Hu-positive neuronal precursors start to express GnRH-1 (arrowheads in D, E; merge in F ). G, High magnification (100ϫ) within the VNO anlage showing Hu-positive/GnRH-1-positive GnRH-1 neuron precursors (arrowheads). H, Hu-positive cells (red) migrating toward the forebrain (see C for localization), Hu/GnRH-1 double-positive maturing GnRH-1 neuron (arrowhead). I, Double immunocytochemistry for Hu (blue) and GnRH-1 (brown) at E12.5 showed large groups of Hu-positive and maturating Hu-positive/GnRH-1-positive neurons (arrowheads) migrating out of the VNO. J, Double immunofluorescence for Hu (red) and GnRH-1 (green) at E12.5 highlighted maturing Hu/GnRH-1 neurons (arrowhead) in proximity of the forebrain as well as Hu single-labeled migratory neurons (*). Scale bars: A-F, I, 50 m; H, J, 20 m; G, 10 m.
removed from E11.8 WT and p97FE65 mutant mice using laser capture microdissection (Fig. 3A-C) , (Giacobini et al., 2004) . Using primers for exon 2, exons 7-10 and exons 13-14, products from the N-to C-terminal portion of p97FE65, were amplified (Fig. 3A) . All p97FE65 PCR products were found in cDNA from control tissues (Fig. 3D) . In the p97FE65 KO samples, amplification products were found for exons 7-10 and 13-14 (Fig. 3E) , indicating that these mice express the shorter isoforms (Guénette et al., 2006) of FE65 in brain and VNO. Immunostaining with a FE65 antibody that recognizes amino acids 352-369, a portion of protein conserved in p97 and p60FE65 (Wang et al., 2004) , confirmed protein expression of p60FE65 in the developing VNO and in migratory neurons exiting the VNO of p97FE65 mutants (Fig. 3 F, G ). In contrast, only background staining was detected in sections from p97/p60FE65 Kos, a mouse line missing both 97 and 60 kDa isoforms of FE65 (Fig. 3H ) (Wang et al., 2004; Guénette et al., 2006) .
The p97/60FE65 KO displays an overlapping phenotype to the p97FE65 hypomorph
To determine whether the increase in GnRH-1 cell number found in the absence of the 97 kDa FE65 isoform could be exacerbated by the absence of both p97 and p60FE65 isoforms and to exclude an effect attributable to variation of expression of the 60 kDa isoform, GnRH-1 cells were counted in E14.5 p97/60FE65 KO mice, a line missing expression of both isoforms (Guénette et al., 2006) . GnRH-1 cell counts revealed no additional effects in the absence of both FE65 isoforms. In fact, as observed in the p97FE65 KO at E14.5, a significant increase in the number of cells was detected in the nasal area (Fig. 4) (WT, 710 Ϯ 70; KO, 953 Ϯ 53) , whereas no differences were detected in the number of GnRH-1 cells in the brain (Fig. 4) (WT, 285 Ϯ 67; KO, 254 Ϯ 54) . Although the total GnRH-1 cell number in the second mouse line (background C57BL/6 N5) was lower for both controls and KO (WT, 994 Ϯ 37; KO, 1207 Ϯ 76) than that observed in the 97 kDa hypomorphs (background C57BL/6), the increase in cell number in the nasal area in both FE65 mutant lines was similar (ϳ39% in p97FE65 KO vs ϳ34% in p97/60FE65 KO mice).
The data from the FE65 KO lines indicated that (1) GnRH-1 cells show spatiotemporal migration into the forebrain similar to controls, (2) the number of GnRH-1 cells able to enter the brain is limited (at the level of the forebrain junction) to a specific range per day, and (3) changes in early developmental events occur in the absence of fully functional FE65, leading to an increase in GnRH-1 cell number.
Prolonged GnRH-1 neurogenesis in the absence of p97FE65
Previous experiments showed that the GnRH-1 neurogenic peak occurs between E9.5 and E10.5, when ϳ70% of the GnRH-1 neurons in a postnatal brain form (Wray et al., 1989a; Jasoni et al., 2009) . BrdU incorporation at different embryonic stages was performed to evaluate whether the increased number of GnRH-1 neurons detected in the FE65 KO after E14.5 was the result of a higher number of initial progenitors or a delayed exit from the proliferative/neurogenic program (Fig. 5) . One group of pregnant females received three BrdU pulses (50 g/g) every 12 h around the peak of GnRH-1 neurogenesis (E9.5, E10, and E10.5). A second group was injected during the declining phase of GnRH-1 neurogenesis (BrdU injection at E11, E11.5, and E12). Controls and KO littermates were harvested and analyzed 3.5 d after the last BrdU injection.
In the first group (BrdU injections at E9.5-E10.5), independent of genotype, ϳ40% of the total GnRH-1 neuronal population detected at E14.5 was labeled. Thus, in littermate KO mice, a significant increase in the number of BrdU-positive GnRH-1 cells was found (ϩ25%), consistent with the increase in total cell number found in KOs at E13.5 and E14.5 (Fig. 5) . In the second group (BrdU injections at E11-E12), ϳ18% of the total GnRH-1 neuronal population at E15.5 was labeled. Counts of doublelabeled GnRH-1/BrdU cells revealed ϳ40% higher number of newly formed GnRH-1 neurons in FE65 KOs compared with control littermates. The increase (40%) in GnRH-1/BrdUlabeled cells observed in mice injected in the terminal phases of GnRH-1 neurogenesis (E11-E12) compared with the increase (25%) observed in the early phases (E 9.5-E10) suggests an active role for FE65 in controlling the exit from the neurogenic program.
To confirm that the increased number of GnRH-1 neurons detected in the FE65 KO was the result of a delayed exit from the proliferative/neurogenic program, several in vivo parameters were needed to examine early phases of GnRH-1 development in FE65 KO mice. These parameters included (1) finding an early marker for GnRH-1 neurons, (2) characterizing the relation between FE65 expression and GnRH-1 neuronal development, (3) identifying the proliferative cells in the VNO, and (4) establishing that GnRH-1 neurons arose from these proliferative VNO cells.
Hu marks early GnRH-1 cells in the developing VNO
The relation between FE65 expression and GnRH-1 neuronal development needed to be analyzed at early stages in vivo. In mice, E11.5 coincides with neurogenesis of GnRH-1 cells (Wray et al., 1989a) . At this stage, few (ϳ150) GnRH-1 cells were detected (Fig. 6 A) . However, neuronal precursors positive for the early panneuronal RNA binding protein Hu were present (Fig. 6 B) (Lendahl et al., 1990; Zimmerman et al., 1994; Graham et al., 2003) . Hu-positive cells were found in the anlage of the VNO as well as in a continuum toward the brain, appearing in the route taken by GnRH-1 neurons (Fig.  6C) . Double-label immunocytochemistry at E11.5 revealed that the very first cells with detectable levels of GnRH-1 protein were positive for Hu and were found both within the VNO (Fig. 6 D-G) as well as along the migration path (Fig. 6H) . Hu expression in GnRH-1 cells varied as the cells matured/migrated toward the forebrain as described previously for GnRH-1 neurons in chicken (Fornaro et al., 2003) and for other neuronal cell types (Okano and Darnell, 1997; Deschênes-Furry et al., 2006) . Analysis at E12.5, the stage when the number of GnRH-1-expressing cells increases (ϳ800 cells), revealed large groups of Hu-positive cells and Hu/ GnRH-1-positive cells distributed between the VNO and the forebrain (Fig.  6 I, J ). These observations indicated that Hu is expressed, among other migratory neurons (Fig. 6 H, J ) , in GnRH-1 precursors in the VNO and in maturing GnRH-1-positive neurons.
FE65 expression in proliferative neuronal progenitors
At E11.5, the apical cells directly adjacent to the lumen of the VNO were proliferative cells (Ki67 positive) (Fig. 7A) . Hupositive cells and Hu/GnRH-1-positive cells were first detected in proximity to this apical proliferative compartment (Fig. 7 B, C) . Although FE65 expression was detected in cells in the anlage of the VNO (Fig. 7D) , double immunofluores- Figure 8 . Migratory neurons in nasal region are born before VNO sensory neurons. A, Experimental paradigm: pregnant mice were injected with a single BrdU injection (50 g/g) at E10.5, and the distribution of BrdU-positive neurons in the VNO anlage and in the nasal area was analyzed 24 h (E11.5) to 96 h (E14.5) after injection. The distribution of BrdU-labeled neurons between VNO and nasal area is schematically represented. B, E11.5 Hu (green)/BrdU (red) double labeling, 24 h after BrdU injection. Hu/BrdU double-positive neurons were distributed within (arrow) and migrating out of (arrowhead) the VNO. C, E12.5 Hu (green)/BrdU (red) double labeling 48 h after BrdU injection. Few Hu-positive and BrdU heavy labeled cells (arrow) were found within the VNO but were detected emerging from the VNO (arrowhead). D, E, E13.5, 72 h after BrdU injection, Hu/BrdU cells (D) and GnRH-1/BrdU-positive cells (E) were detected in the nasal area (NA). F, Second experimental paradigm: pregnant mice were injected with a single BrdU injection (50 g/g) at the indicated embryonic stage and the BrdU incorporation in migratory neurons and in non-migratory VNO neurons was analyzed at E14.5. Schematic shows BrdU incorporation in migratory neurons declined as VNO neurogenesis increased. Sections of VNO immunolabeled for BrdU after single BrdU pulse at E10.5 (G, H ), E11.5 (I ), and E12.5 (J ). G, Double labeling for GnRH-1 (brown) and BrdU (black) at E14.5 after BrdU pulse at E10.5 showed migratory cells and double-labeled BrdU/GnRH-1 (arrowheads) in the nasal area (NA), whereas only a few heavy BrdU-labeled cells (arrow) were detected in the VNO. Inset, Double-labeled BrdU/GnRH-1 neuron. H, I, Few heavy labeled BrdU-positive cells (black) were detected (arrow) in the VNO after BrdU injections at E10.5 and E11.5. J, Heavy labeled cells were detected in the VNO after BrdU injection at E12.5, and the pattern of these BrdU labeled cells was similar to postmitotic neurons stained for Hu (brown, K ) at E14.5 within the VNO (arrow), although Hu-positive cells were still detected migrating out of (arrowhead) the VNO. Red dashed line, VNO. Scale bars: A, 50 m; C, inset in G, 25 m; G, 150 m. cent staining for Ki67 and FE65 (Fig. 7E) indicated that the proliferative precursors (Ki67 positive) were negative or expressed FE65 at low levels. Double immunostaining for Sox2 (a marker of undifferentiated cells) and the neuronal marker Nestin (Zimmerman et al., 1994) confirmed that the proliferative apical cells were neuronal progenitors (Fig. 7F ) . Two potential partners of FE65, Notch-3 and APP, were expressed in the proliferative niche (Fig. 7G ) and in the proliferative and newly formed neurons (Fig.  7 H, I ), respectively.
To verify that the proliferative neuronal progenitor cells identified in the lumen of the developing placode gave rise to the Hu/ GnRH-1 migratory neurons, BrdU tracing was performed (Fig. 8) . BrdU incorporation at approximately E10.5 (Fig. 8A-E) or E11 (data not shown) followed by analysis after 24, 48, and 72 h showed that the majority of postmitotic neurons (BrdU/Hu positive) originated from the proliferating neuronal precursor cells of the developing VNO and migrated out from this structure toward the brain. BrdU/Hu-positive cells were in fact detected emerging from the VNO 24 h after BrdU injection (Fig. 8B) . Forty-eight and 72 h after injection, BrdU/Hu-positive cells were distributed between the VNO and forebrain junction, with few Hu-positive BrdU heavy labeled cells found within the VNO (Fig. 8C,D) . In contrast to BrdU/ Hu-positive cells, BrdU/GnRH-1-positive cells were only detected 48 and 72 h after injection, along the migratory route (Fig. 8E) . These experiments established, both spatially and temporally, that the GnRH-1 cells arise from the proliferative neuronal progenitor cells in the lumen of the VNO, and a population of migrating Hupositive cells start to express the GnRH-1 peptide at immunodetectable levels, 2-3 d after the cells become postmitotic.
A single BrdU injection at E10.5, E11.5, or E12.5, followed by analysis at E14.5, indicated that neurogenesis of the migratory neurons originating from the proliferative compartment of the VNO preceded the massive neurogenesis of the non-migratory vomeronasal neurons that reside in the VNO and progressively declined as the latter started (Fig. 8 F-J ) .
The increase in GnRH-1 cells in FE65 mutants is associated with an increase in total migratory neuron cell number As described above, the pan-neuronal marker Hu labeled maturating GnRH-1 precursors together with other migratory neuronal cells types negative for GnRH-1 expression (Fig. 5) . At E14.5, the plateau in GnRH-1 number was reached in both controls and FE65 mutants (Fig. 2G) . At this stage, GnRH-1 neurons and Hu cells, negative for GnRH-1, were distributed in the nasal area. To determine whether the larger number of GnRH-1 neurons in FE65 mutants could be attributable to an increase in GnRH-1 cell specification associated with a reduction in number of Hupositive/GnRH-1-negative cells, these two cell types were quantified (Fig. 9) . Quantification in FE65 mutants and controls at E14.5 indicated significantly higher numbers for both Hupositive/GnRH-1-negative and GnRH-1-positive cells emerging from the VNO. The higher total number of migratory neurons (GnRH-1-positive and Hu-positive/GnRH-1-neagtive neurons) found in FE65 mutants indicates that there is a general increase in migratory neurons originating in the VNO.
Increased neurogenesis in FE65 mutants is not associated with changes in proliferation or cell death
From immunolabeling at E11.5 (Fig. 7) , a pattern emerged between the FE65-negative proliferative portion of the developing VNO and the presence of FE65-positive newly formed neurons. This pattern is consistent with previous results that indicated that FE65 is not expressed or expressed at low levels by proliferating neuronal progenitors (Simeone et al., 1994; Bruni et al., 2002) . To evaluate whether the increase in GnRH-1 neurogenesis observed in FE65 mutants was attributable to differences in the number of proliferative progenitors or to differences in cell cycle progression, cells in active S and M phase were immunolabeled and quantified. At E11.5, cells in S phase were quantified after a short BrdU pulse (Fig. 10 A-C) , whereas cells in M phase were quantified by labeling for phospho-histone-3 (Fig. 10 D-F ) . No differences between genotypes in either the number of proliferating cells or in cell cycle distribution was detected (Fig. 10C,F ) . In contrast, counts of premigratory Hu-positive cells in the VNO anlage on E11.5 serial sections revealed a significantly higher number of Hu-positive cells/VNO in p97FE65 mutants, which accounted for 100 cells per animal (Fig. 10G-I ).
During this early stage of development, no glial markers were found expressed in cell soma in the developing VNO but were in cells/processes distributed along nasal sensory fibers and around the developing olfactory bulb (data not shown). As a result of the lack of specific markers for VNO/olfactory epithelium-derived glial cells (Murdoch et al., 2010) , reliable quantifications could not be performed to determine whether a corresponding decrease in VNO glial cells occurred as GnRH-1 cell number increased. However, because significantly more premigratory neurons were ob- served in FE65 mutants without changes in proliferation, differences in apoptosis (Cao et al., 2000) were examined. Quantification of cells immunolabeled for the activated form of caspase-3 at E11.5 did not reveal significant differences in cell death in the VNO anlage (Fig.  10J-L) . Together, these data are consistent with a role for FE65 in the control and timing of GnRH-1 neuronal cell fate and suggest that progenitor cells of migratory neurons and GnRH-1 progressively shift toward the generation of other cell types, as normal GnRH-1 neurogenesis declines.
Discussion
The genesis of GnRH-1 neurons is one of the earliest events during olfactory placode invagination and development of the VNO. The definition of the neurogenic compartment and lineage of the GnRH-1 progenitors, as well as the identification of the preGnRH-1 neurons has remained unsolved. In this paper, FE65, a multimodular adaptor protein known to influence APP processing and gene transcription, is shown to have a role in suppressing GnRH-1 neurogenesis within the developing nasal area.
Modulation of neurogenesis, which implies proliferation, cell fate commitment, and differentiation, are tightly regulated by both extrinsic and intrinsic signals (Miller and Gauthier, 2007) . By genetic screening on single-cell cDNAs the expression of FE65 was identified in newly formed GnRH-1 neurons. Analyzing p97FE65 KO, a mouse line missing the 97 kDa form of FE65, a transient increase in GnRH-1 neurogenesis during embryonic development (ϳ25%) was found, whereas no changes in GnRH-1 neuronal migration were detected. RT-PCR on laser captured tissue indicated that, as described previously for the developing brain (Wang et al., 2004) , p97FE65 KO express the shorter p60 isoform of FE65 in the VNO. To confirm that the increase in GnRH-1 cell number in p97FE65 KO was strictly dependent on disruption of the N-terminal portion of FE65 or whether a more severe phenotype could be found in the absence of both p97 and p60FE65 isoforms (Wang et al., 2004; Guénette et al., 2006) GnRH-1 development was analyzed in a second mice model lacking both the 97 and 60 kDa isoforms of FE65. A similar increase in GnRH-1 cell number was found in the second line, without additional phenotypes. The increase in GnRH-1 neurogenesis found in our study (25%) provides in vivo data that are consistent with findings by Ma et al. (2008) that showed increased neurogenesis in cultured cortical neural progenitor cells of p97FE65-deficient mice, with the number of TUJ1-positive cells increasing by 38%. However, no differences in brain or VNO size were detected in the mice examined in the present study (data not shown). This suggests that FE65 may alter neurogenesis in multiple regions but that each region needs to be examined during a specific temporal window.
FE65 has been described to regulate cell motility, actin dynamics, and neuronal migration (Sabo et al., 2001; Wolfe and Guénette, 2007) . In FE65 mutants, a progressive increase in GnRH-1 number was observed; when in control littermates, a plateau in GnRH-1 neurons was reached. However, no defects in GnRH-1 neuronal migration into the brain were observed in FE65 mutants. Comparable numbers of GnRH-1 cells accessed the brain per day in both genotypes (200 Ϯ 50) and similar numbers of GnRH-1 neurons were counted in the brains of FE65 KOs and controls throughout development and in the postnatal stages. This indicates that the extra GnRH-1 cells (up to ϳ200) were found in the nasal area, and, independent of age, more cells did not access the brain. Even at E17.5, after the "normal" migratory windows ends, a significantly larger number of GnRH-1 neurons were still detectable in the nasal area of modulating both proliferation and cell fate determination of neuronal precursor cells (Bruni et al., 2002; Caillé et al., 2004; Ló pezToledano and Shelanski, 2007; Ma et al., 2008b; Sugaya, 2008; Chen and Dong, 2009; Sotthibundhu et al., 2009) . FE65 is able to modulate the secretion of the cleaved forms of APP: A␤ 40 and A␤ 42 (Wiley et al., 2007) . Biochemical assays on primary neuronal cultures obtained from p97FE65 KO crossed with APP overexpressors (APPswe transgenics) revealed a 58% reduction of A␤ 40 and a 68% reduction of A␤ 42 secretion (Wang et al., 2004) , whereas quantification on brain lysates from adult p97/60FE65 KO suggested a role for FE65 mainly in A␤ 42 formation (Guénette et al., 2006) . Recent work indicated A␤ 40 as a key factor leading to neuronal cell fate determination and A␤ 42 as a facilitator toward astro-gliogenesis (Chen and Dong, 2009 ). Counts of GnRH-1 and of other migratory GnRH-1-negative neurons originating from the VNO revealed significant increase for both cell types, indicative of a general increase neurogenesis for migratory neurons originating from VNO. Glial labeling in the nasal region was performed during early development and highlighted a variety of cells distributed along sensory fibers in the nasal area and within the developing olfactory bulb. Because of the lack of specific markers (Murdoch and Roskams, 2008; Murdoch et al., 2010) for VNO/olfactory epithelium-derived glial cells, reliable quantifications could not be performed. Additional lineage tracing studies are needed to determine whether a specific glial cell population originates from the anlage of the VNO and whether a corresponding decrease in this population occurs in FE65 KOs, as GnRH-1 cells increases (Murdoch et al., 2010) .
In summary, the data in this report indicate a role for FE65 in suppressing the GnRH-1 neurogenic program and highlight an important role for the N-terminal portion of the protein that includes the WW domain of p97FE65. Analysis of FE65 expression indicated that FE65 is expressed at low levels by neurogenic proliferative cells and that the lack of p97FE65 expression did not affect normal proliferation rate or cell death. The GnRH-1 neurons, unlike other cell types originating in the olfactory area, have a short and limited neurogenic window (Wray et al., 1989a; Murdoch et al., 2010) . The GnRH-1 neurogenic increase observed in FE65 mutants is consistent with GnRH-1 neurons originating from multipotent progenitor cells able to generate other cell types in response to environmental changes as the GnRH-1 neurogenesis declines.
